We report on the thickness and angular dependence of the critical current density J c (H, θ), the irreversibility field H irr , and the bulk pinning force F p (H) of a metal-organic chemical vapour deposition (MOCVD) grown YBa 2 Cu 3 O 7−x (YBCO) coated conductor, which contains ∼17 vol% of ∼10 nm sized (Y, Sm) 2 O 3 precipitates with an average spacing of ∼10-15 nm. Some surface porosity and amorphous second-phase particles on the scale of ∼0.5-1 μm appear to reduce the current-carrying cross-section, which controls the magnitude of J c but not the vortex pinning. We observed an enhanced H irr ∼ 9 T at 77 K along the c-axis which, like the shape of J c (H) and F p (H), was independent of thickness as the sample was milled down to ∼0.16 μm. Angular-dependent measurements of J c showed the usual excess vortex pinning along the c-axis and along the ab-plane, but with a background that could only be fitted with an unusually small anisotropy parameter of 3, which, like the high H irr and the thickness-independent shape of F p (H), we ascribe to strong vortex pinning centre interactions. Together, these measurements show very different behaviour from most pulsed-laser-deposited films, which exhibit strong thickness-dependent properties. We ascribe the present different results to the dense array of small, insulating precipitates, which act as strong pinning centres and produce strong three-dimensional (3D) vortex pinning, because their separation of 10-15 nm is always much smaller than the film thickness.
Introduction
Power applications of high-temperature superconductor (HTS) wires made from YBa 2 Cu 3 O 7−x (YBCO) coated conductors (CC) require high critical current densities J c due to strong pinning of vortices by nano-scale crystalline defects [1] . A crucial step for the large-scale application of HTS wires is the development of continuous deposition processes enabling 4 Present address: Los Alamos National Laboratory, Los Alamos, NM 87545, USA.
thick YBCO films with high critical currents. Achieving this goal requires the implementation of strong vortex pinning nanostructures which do not degrade in thicker films, while also avoiding degradation of the connectivity by grain misorientation, cracking, porosity or current-blocking secondphase particles. Because of the uncertainty in the currentcarrying cross-section, in CCs made by different deposition methods [2, 3] one cannot a priori assume that the vortexpinning controlled critical current density J c can be obtained just by dividing the measured critical current I c by the total 0953-2048/07/090205+06$30.00 © 2007 IOP Publishing Ltd Printed in the UK S205 YBCO cross-sectional area. In this paper we attempt to address through-thickness vortex pinning and connectivity effects separately by making a broad characterization of the films.
There have been numerous studies demonstrating improved flux pinning in YBCO-coated conductors by introducing non-superconducting pinning nano-precipitates. Examples include BaZrO 3 nano-particles, which produce c-axis correlated defects (dislocations) [4] , Y 2 BaCuO 5 (Y-211) interlayers [5, 6] , surface nano-particles laid down on the buffer layer surface [7, 8] , the utilization of stoichiometric and offstoichiometric YBCO or rare-earth mixtures [9, 10] , columnar defects consisting of self-assembled nano-dots and nanorods [11, 12] , and rare-earth (e.g. Er 2 O 3 ) nano-particle additions [13] . Substantial improvements in both the self-and infield J c were found with most of these methods. However, none of these works studied the through-thickness properties of J c , leaving uncertain a key issue of how the properties obtained in thinner films are related to those in higher-I c thicker films vital for HTS applications. In this work we present a study of the through-thickness J c properties of an MOCVD deposited YBCO film with a nominal 10% Sm substitution of Y, which was grown on an IBAD (ion-beam-assisted deposition) template of Y 2 O 3 -stabilized ZrO 2 (YSZ) capped with CeO 2 . Transmission electron microscopy (TEM) revealed that the YBCO was indeed partially substituted by Sm, but that the film also contained about 17 vol% of ∼10 nm insulating (Y, Sm) 2 O 3 precipitates [14] , with a size and spacing not far from the optimum for strong vortex-pinning interactions. Indeed our results demonstrate strong three dimensional (3D) vortex pinning over a large range of temperatures, angles, and magnetic fields. In the bottom two thirds of the film, we show that properties are rather uniform through thickness, but degrade at larger thicknesses, perhaps due to a greater concentration of amorphous second-phase particles and porosity at the YBCO surface. We conclude that the intrinsic pinning properties of this conductor are strong and that several routes to higher I c performance exist.
Experimental details
The MOCVD-coated conductor had a nominal composition of Y 0.9 Sm 0.1 Ba 2 Cu 3 O 7−x .
The details of the MOCVD growth process are given elsewhere [15] . X-ray diffraction showed an excellent YBCO texture with the in-plane fullwidth-half-maximum φ = 3.7
• and the out-of-plane ω = 1.0
• , suggesting little or no limitation of J c by grain boundaries [16, 17] . Plan-view transmission electron microscopy (TEM) of the microstructure was performed using a Philips CM200 microscope.
A ∼60 μm wide and ∼500 μm long YBCO bridge for transport measurements was cut using a Nd-YAG (yttrium aluminium garnet) laser so as to restrict I c to < 3 A at full YBCO thickness. The YBCO layer was then thinned with 500 eV Ar ions impinging at 45
• while the sample was cooled to ∼230 K. After each ion milling step, the V -I characteristics were measured with a four-point configuration at 50, 65, 72 and 77 K for magnetic fields up to 9 T applied perpendicular to the film surface. J c values were determined at an electric field criterion of 1 μV cm −1 . Angular-dependent J c measurements were performed with H rotated relative to the plane of the film but always normal to the current. Measuring the resistance as a function of temperature during sample cool-down, we obtained T c ∼ 90.3 K with a variation <0.5 K for all thicknesses.
Results
Figure 1(a) is a plan-view TEM image showing ∼17 vol% of a uniformly distributed disc-shaped array of nano-precipitates present within all YBCO grains, as was elaborated in our previous work [14] . The precipitates are the insulating oxide (Y, Sm) 2 O 3 , particles ∼10 nm in size spaced by ∼10-15 nm. Scanning electron microscopy (SEM) on a focused ion beam (FIB) polished cross-section showed an average YBCO thickness of 1.03 μm with variations of 10-15% over a length of order 10 μm, as shown in figure 1(b) . This image also reveals a considerable amount of micron-sized amorphous second-phase precipitates and pores near the YBCO surface, as marked by white and grey (online) red arrows, respectively. These macroscopic obstacles can significantly obstruct the current locally.
As noted later, we believe that these two structures contribute to lower J c values deduced from I c / A, where A is the total YBCO cross-section. More recent MOCVD films grown on IBAD MgO-based buffered substrates have substantially fewer second-phase particles and surface porosity, and these films show a large improvement in J c up to 4.8 MA cm −2 in 0.7 μm thick YBCO CCs [18] . Figure 2 shows J c as a function of the applied magnetic field H , for the Sm-doped MOCVD CC at 77 K. For comparison, the J c (H ) curve for a 300 nm YBCO film [19] Figure 3 shows the normalized bulk pinning force, F p /F p,max , as a function of the reduced field, H/H irr , for different thicknesses at 77 K. Although the magnitude of J c (self-field) decreases near the YBCO surface, it is striking that the pinning force curves show an identical shape for all thicknesses. Also noticeable is that H irr (77 K, H c-axis) is also independent of thickness with an average value of 9.7 T, as shown in the inset of figure 3 . Figure 4 (a) shows I c as a function of thickness t at different applied magnetic fields from 0 to 1 T. At all fields, I c increases linearly as t increases up to ∼2/3 of the full YBCO thickness followed by a weaker increase in I c (t) in the region of t > 700 nm, where there are more pores and second-phase particles. Figure 4(b) shows that the thickness dependence of I c (H, t), normalized to I c (t = 550 nm) scale, is independent of H , which is a behaviour that is quite different from that of PLD YBCO films [20] . Figure 4 (c) shows that J c (H ), determined as the average over the residual thickness for the Sm-doped MOCVD CC, increases sharply as the top third of the film is milled away and then stays almost constant in the bottom two thirds of the YBCO layer. Furthermore, figure 4(d) shows that the top layer of the YBCO film has an incremental J c = I c / t that is only ∼1/4 that of the bottom layer. because the London penetration depth ∼0.4 μm at 77 K is greater than the YBCO thickness. Also noticeable is that the anisotropy of J c at 1 T is much smaller than at 4 T, and that this ab-plane anomaly is strongly enhanced by raising the measurement temperature, as shown in figure 5 (b).
Discussion
TEM images of the Sm-doped MCOVD CC revealed a closely spaced array of nano-sized insulating precipitates, which seem to be nearly ideal for achieving the optimum flux pinning efficiency. However, instead of showing a uniform improvement in J c at all fields, the influence of the dense precipitate array on the flux pinning properties manifests itself in the enhanced J c performance only in the high-field (H > 5 T) range, with a comparatively low J c (self-field, 77 K) = 1.7 MA cm −2 . The lower self-field J c value is probably due to the blocking effect from the sub-micron-sized Ba, Curich amorphous phase and pores near the surface of the film. Yet H irr reaches ∼9.4 T at 77 K, indicating a significantly enhanced flux creep activation barrier, as compared to most CCs for which H irr = 7-8 T. The question then is whether the dense nano-precipitate array really produces strong 3D pinning in this particular sample.
The pinning defects introduced by rare-earth doping can be very different depending on the YBCO growth technique. For example, Driscoll et al in their study of a 50% Smsubstituted YBCO film pointed out the possibility of linear defects, such as dislocations along the c-axis, being effective flux pinning centres [10] . This pinning mechanism is more explicitly discussed in their study of adding BaZrO 3 nanoparticles to PLD-grown YBCO films [4] . In the present case, no evidence of the c-axis dislocations is found from TEM, while the randomly distributed, dense nano-precipitates are potentially effective pinning centres. Furthermore, whereas several groups have attributed enhanced pinning to strain fields around nano-particles [4, 13] , the high-resolution TEM image revealed that the (Y, Sm) 2 O 3 precipitates actually have coherent orientations with the matrix with no discernible strain fields [14] . So the effective size of the pinning centres is roughly the size of the precipitates, which are ∼10 nm in diameter according to the TEM observation. Thus, a high pinning efficiency is expected in this Sm-doped MOCVD CC, because the maximum elementary pinning force is achieved if the pin diameter is of the order of 2ξ [1] , where ξ = 4 nm is the coherence length of YBCO at 77 K. From the areal density of the nano-precipitates, we can calculate the matching field, B = 0 /a 2 , to be ∼9-20 T, where 0 = 2.07 × 10 −15 Wb is the flux quantum and a ∼ 10-15 nm is the average in-plane separation of vortex-pinning precipitates. The high value of B ∼ 9-20 T suggests strong vortex pinning, as is evidenced by a progressive shift of the pinning force peak position from H/H irr = 0.21 at 82 K to 0.26 at 65 K as the temperature is lowered [14] .
The strong vortex-pinning centre interactions are also demonstrated explicitly by the through-thickness measurements. As shown in the inset of figure 3 , the enhanced H irr value of ∼9.4 T stays almost constant, and even increases slightly, as the sample was milled down to a thickness of ∼0.16 μm, which is a region where thermal fluctuation effects strongly decrease the magnitude of H irr in PLD-grown YBCO films [19] . In addition, the shape of the pinning force F p (H ) curve measured for H parallel to the c-axis is independent of thickness, as shown in figure 3 , implying no change in the pinning mechanism as a function of film thickness, even at the smallest thickness of 0.16 μm. The insensitivity of both H irr and the shape of F p (H ) to the film thickness indicates that no vortex dimensionality effects, characteristic of 2D collective pinning, are present because the film is in the strong 3D pinning limit for which the pinning correlation length along the vortex line is shorter than the film thickness. Another effective way to check the 3D pinning scenario is to look at the depth profile of I c and other superconducting properties. As is well documented in the literature, J c often decreases as the YBCO film thickness is increased [21] [22] [23] [24] [25] [26] . Such YBCO films show a decline of J c with increasing t, often with an inverse square-root-like dependence J c (t) ∝ t −1/2 , which levels off above a critical thickness t c ∼ 1-2 μm [26, 27] . Such behaviour is characteristic of many single-phase PLD-grown YBCO films, where vortex lines are collectively pinned by many weak pins. We believe that in our MOCVD samples the situation is quite different, because the insulating nano-precipitates subdivide vortex lines into nearly decoupled strongly pinned segments that are much shorter than the film thickness [2] . As a result, the Sm-doped MOCVD YBCO film is in the strong 3D vortex pinning regime, for which J c should be independent of thickness. Such 3D pinning behaviour is indeed consistent with our experimental results, which show a linear increase in I c (t) and almost flat J c (t) curve up to ∼2/3 of the full YBCO thickness, as illustrated in figures 4(a)-(c). For t > 700 nm, the incremental J c falls to less than a quarter of the plateau value of ∼ 2.3 MA cm −2 , most likely due to the increase in the amorphous phase particles and porosity near the film surface, as can be seen in figure 1(b) . The independence of H irr on thickness indicates that thermal fluctuation degradation of J c , which is very common in PLDgrown YBCO films, is not an issue in the Sm-doped MOCVD CC.
More evidence of the 3D pinning comes from the throughthickness angular dependences of J c shown in figure 5(a) . The unchanged shape of the J c (θ ) curve from thicknesses of 0.74 to 0.36 μm indicates a pinning mechanism which depends neither on the film thickness nor on the field orientation. This conclusion is consistent with the microscopy data, which indicate isotropic distribution of the pins. As a result, if a layer of YBCO is removed by ion milling, the pinning efficiency of the remaining film does not change, because the effective lengths of the strongly pinned vortex segment between the insulating precipitates which determine J c are actually much smaller than the physical thickness of the YBCO. Only at the smallest thickness of ∼160 nm, do we see a broadening effect of the ab-plane peak, because the vortex experiences an extra magnetic pinning by the film surfaces since the film thickness is smaller than the London penetration depth λ [28] , which is about 400 nm for YBCO at 77 K.
Field-dependent anisotropy of the critical current density can be understood by using the scaling rule [29] , which allows us to calculate the angular dependence of J c (θ, H ) from the field dependence of J c (H ) for H c, by rescaling the applied field according to
, θ is the angle between H and the c-axis, and γ is the effective electron mass anisotropy parameter. Thus, the general dependence of J c (θ, H ) can be presented in the following generic scaling form:
where the exponents α and β for the MOCVD CC sample are close to 0.5 and 1.5, respectively, and J 0 quantifies the magnitude of J c . As follows from equation (1), in the lowfield region H H irr , the anisotropy of J c (θ ) ∝ 1/ f α (θ ) is mostly due to the anisotropy of flux pinning, while at higher fields the expression in the second brackets, which describes the anisotropy of flux creep, can significantly increase the amplitude of the ab-plane peak. As shown in figure 6 , except for the c-axis and ab-plane peaks, where typical excess correlated pinning exists [30] , there is good agreement between the scaling prediction and the experimental data at 77 K for an applied field of 5 T. At 3 T, where the vortex density is smaller, correlated pins near the c-axis and the ab-plane evidently exert a stronger effect and the fit is less good. One possible origin of the c-axis and ab-plane correlated excess pinning is the well-defined orientation relationships between the precipitates and the YBCO matrix. The disc-shaped precipitates, although randomly distributed, always have their flat surfaces parallel to either the c-axis or the ab-planes [14] , generating more favourable pinning geometries along these two directions. In addition, a recent cross-sectional TEM observation on a sister sample found that the precipitates are always associated S209 Figure 6 . The scaling from equation (1) together with the experimental data for the full-thickness Sm-doped MOCVD CC at 77 K and for H = 3 T and 5 T, respectively. An abnormally small electron anisotropy parameter γ = 3 is needed to fit the data.
with dense stacking faults [31] , which may act as ab-plane correlated pinning centres too. However, unlike in PLDgrown YBCO films, where the scaling rule with the anisotropy parameter γ = 5 describes well the angular dependences of both H c2 and J c (θ ) [29] , the J c (θ, 5 T) curve of our MOCVD samples can only be fit with a smaller γ ≈ 3. Apparently, lattice distortions associated with the very high density of nano-precipitates not only provide a high H irr and a thicknessindependent shape of F p (H ), but also reduce the effective electromagnetic anisotropy compared to YBCO without nanoprecipitates. In turn, the reduced crystalline anisotropy may be responsible for the enhanced values of H irr , because γ is the key parameter controlling thermal vortex fluctuations at the irreversibility field in HTS [29] .
Summary
We have studied extensively the microstructure and critical current density properties of a YBCO-coated conductor containing about 17 vol% of ∼10 nm insulating precipitates which are expected to provide strong vortex pinning. Indeed, for high fields, high temperatures and small film thicknesses, we find that the critical current densities are strongly enhanced compared to the PLD YBCO films without nano-particles. Study of the microstructure at the micron scale shows many current obstructions that are likely responsible for the lowfield J c magnitudes being smaller than those expected from the excellent high-field properties. Detailed studies of the thickness dependence of I c show a linear dependence of I c on thickness up to ∼2/3 of the full YBCO film thickness, indicating strong 3D pinning behaviour. The irreversibility field value stays almost unchanged as the film becomes thinner, and the volume pinning force curve shape is independent of thickness, suggesting strong 3D vortex pinning, and a smaller mass anisotropy factor of 3. While we have shown that J c can benefit from this strong 3D pinning, realization of that benefit will require a more optimized film without the current-blocking phase.
